Purpose: To quantitatively and qualitatively evaluate the water-signal performance of the Consistent Intensity Inhomogeneity Correction (CIIC) method to correct for intensity inhomogeneities.
INTRODUCTION
When using medical imaging techniques, a highly desirable image quality is tissue intensity homogeneity, i.e. that a certain type of tissue should be represented by the same distribution of intensity values, invariant of its position in the image volume and of time. However, this is rarely the case due to scanning process issues such as inhomogeneity of the static magnetic field, variance in reception coil sensitivity, pulse sequence optimization and patient movement. The resulting intensity inhomogeneities can significantly degrade the performance of common medical imaging operations, e.g. segmentation and registration, which depend on the intensity values or their gradients.
Several intensity inhomogeneity correction (IIC) methods have consequently been proposed, in particular for the single volume case. These methods can be categorized as prospective or retrospective. Prospective correction methods focus on the calibration and optimization of the image volume acquisition process. These include methods using phantoms (1), multi-coils (2) and special sequences (3) . If surface coils are used, e.g. phased-array coils, the manufacturers of MRI scanners typically implement a prospective correction method as part of the acquisition protocol (2) . These methods use coil sensitivity maps, acquired in a separate reference scan, in order to correct intensity inhomogeneities. The surface coil image is normalized using the sensitivity maps, resulting in an image that has the homogeneity of the integrated body coil image, while preserving the increased sensitivity of the surface coil. These methods perform a B1-receive field correction (4) , and work in a similar way across all the manufacturers. Retrospective correction methods use information from the acquired image volume, including histograms, spatial frequencies, intensities and gradients. If the target application is quantitative imaging, it is important for the correction method to have a physically based reference, as it should operate only on the image domain of anatomically and physiologically relevant images (5, 6) . However, many of the correction methods 4 are not physically based and do not work optimally in a multi-volume setting, e.g. time-series, as they do not use a common intensity reference for all the involved volumes. This may lead to, for example, an image volume time series that is intensity homogeneous per time point, but not considered over the whole time series. This residual intensity variation over the volume set could decrease the performance of a subsequent analysis or image processing method. Moreover, using an intensity correction method without a common intensity reference also makes direct comparisons between patients or repeated examinations difficult.
In order to correct intensity inhomogeneity in water-fat MRI using Dixon imaging, and to provide a stable common spatiotemporal intensity reference in MRI time series or other multi-volume settings, a method here referred to as 'Consistent Intensity Inhomogeneity Correction' (CIIC) has been proposed (7, 8) . CIIC is a physically based MR scaling method that uses adipose tissue as an internal reference in order to calculate a dense scaling field for each position in the spatiotemporal volume. It is therefore self-calibrating in the sense that it is independent of the effective scaling of the MR scanner at the acquisition time. As such, CIIC accepts original 'raw' scanner images as input, as well as pre-processed images using techniques such as sensitivity map normalization, independent of any particular MRI scanner manufacturer or implementation. Since CIIC is applied independently on each acquired volume, temporal inhomogeneities caused by e.g. patient movement can be handled as well as the spatial inhomogeneities. CIIC has successfully been used for fat quantification in previous studies by, for example, Dahlqvist Leinhard et al. (7, 8) , Lidell et al. (9) and, using a different implementation, by Ludwig et al. (10) , and for lean muscle tissue quantification by Karlsson et al. (11) .
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The purpose of this work is to quantitatively and qualitatively evaluate the water-signal performance of CIIC by comparing it to the output from the Philips 1.5 T Achieva and 3.0 T Ingenia MR-scanners used for data acquisition (Philips Healthcare, Best, The Netherlands).
MATERIALS AND METHODS

The Muscle Dataset
Ten healthy volunteers (6 women and 4 men) participated in this local ethics committee-approved study, after each giving written informed consent. Demographic details of the volunteers are presented in Table 1 . Water-fat separated whole body images were acquired using a 1.5 T Philips
Achieva and a 3.0 T Philips Ingenia MR-scanner respectively (Philips Health Care, Best, the Netherlands), with a 3D gradient echo sequence with opposite phase and in-phase echo times of 2.3 ms and 4.6 ms respectively for 1.5 T, and 1.15 ms and 2.3 ms respectively for 3.0 T (12). Each image stack was acquired in the axial plane. The 1.5 T scanner used a quadrature body coil (QBC) without any additional inhomogeneity correction processing. The 3.0 T scanner used a sensitivity encoding (SENSE (2)) phased-array body coil with CLEAR inhomogeneity correction, which is Philips' implementation of coil sensitivity normalization. For 1.5 T, the repetition time was 6.58 ms and the flip angle was 10° with an acquired resolution of 3.50x3.50x3.50 mm 3 . For 3.0 T, the repetition time was 3.8 ms and the flip angle was 10° with an acquired resolution of 1.75x1.75x1.75 mm 3 .
The image protocol was applied repeatedly, starting from the head, with a 30 mm and a 28 mm image stack overlap for 1.5 T and 3.0 T respectively, until whole body coverage was achieved. In the abdominal region, expiratory breath-hold acquisition was used minimizing respiratory artifacts. The total scanning time was approximately 10 minutes for 1.5 T and 25 minutes for 3.0 6 T. Water-fat separation of the in-phase and opposite-phase images was performed using phase sensitive reconstruction (13) (14) (15) . 
The Liver Dataset
We used a subset of 36 patients from a non-invasive liver biopsy study, described fully by Norén et al. (16) . The study was approved by the local ethics committee and written informed consent was obtained from all subjects (Reference No. M72-07T5-08). A 1.5 T Philips Achieva MRscanner (Best, The Netherlands) with sensitivity encoding and CLEAR inhomogeneity correction was used together with a phased-array body coil for image acquisition.
The patients received a bolus injection intravenously containing the liver specific contrast agent Gd-EOB-DTPA (0.025 mmol/kg, 1 mL/s). This was followed by a 30 mL saline flush. Dynamic
Contrast Enhanced (DCE) MRI time series were acquired using single-breath-hold symmetrically  rows, where each row constitutes one ROI time series. CIIC scales the dataset so that a pure adipose voxel has the intensity of 1.00 in the fat-image. In order to be able to compare X and Y statistically, they must be described using the same global scale. All of the data X were therefore scaled using the single global scalar s = 2.606 x 10 -6 which was chosen so that the difference between the mean time series and were minimized in a least square sense:
where i denotes the time index, to simplify the statistical analysis.
Statistical Analysis
The performance evaluation of CIIC was made using the muscle and liver datasets in three steps.
The tested hypotheses were:
1. CIIC improves the spatial intensity homogeneity within a single image volume:
Homogeneous parenchyma should have equal signal intensity distribution within the organ. Hence, the hypothesis was that the spatial dispersion of intensity values a) within muscles and b) inside the liver should decrease after the application of CIIC. In addition, the dispersion of intensity values c) between muscles within the same subject should decrease. For the muscle tests, CIIC was compared to uncorrected data (1.5 T) and to CLEAR corrected data (3.0 T). For the liver test, CIIC was compared to CLEAR corrected data.
CIIC improves the inter-volume intensity homogeneity: Homogeneous parenchyma
should have equal signal intensity distribution between closely spaced repeated examinations. The inter-volume dispersion of intensity values between the same set of muscles should decrease after the application of CIIC. Uncorrected muscle data (1.5 T) as well as CLEAR corrected muscle data (3.0 T) were used for this test. The liver dataset could not be used for testing of this hypothesis because of the intensity changes induced by the contrast agent between the time points.
3. In the absence of intensity inhomogeneity errors, CIIC will maintain the relative intensity levels on average, except for a global scale constant. Local differences are due to anticipated improvement of the intensity homogeneity of the data. Thus, the hypothesis was that these expected differences are generally small compared to the inherent total variation in the data. However, the intensity levels may still be different in regions with large intensity errors, as CIIC will reduce these. Uncorrected data as well as CLEAR corrected data were used for this test.
In 
Methods for Hypotheses Tests
It should be noted that the 1.5 T muscle dataset is 'raw' and is not a result from the CLEAR inhomogeneity correction method. The comparisons consequently include both CIIC versus original data, and CIIC versus CLEAR-processed data.
The hypotheses were tested according to X and Y in order to avoid differences due to noise in the Mahalanobis effect size calculation. The first two principal components contributed to more than 96% of all signal variance, as shown in Table 3 . The noise level in the non-enhanced images was estimated to 0.96% of all signal variance by comparing this time point with additional, independent measurements of these images.
Assuming that all time points are affected by approximately the same level of noise, the estimated total noise level for all time points was 5.76%. For this reason, since the noise was assumed to be uncorrelated with the main physiological signal, only the first two principal components 
RESULTS
The Muscle Dataset
Figures 2 and 3 show two representative examples of the muscle dataset, including the positions of the different ROIs and the dispersion of intensity values before and after CIIC.
Hypothesis 1a, Decreased Intra-Muscle Dispersion
The 99% lower confidence bounds for the average differences in intra-muscle dispersion . We can therefore reject the null hypothesis H0 in favor of H1 for both 1.5 T and 3.0 T at the significance level α=0.01; CIIC decreased the intra-muscle dispersion.
Hypothesis 1c, Decreased Inter-Muscle Dispersion
The test for the inter-muscle dispersion hypothesis . We can therefore reject the null hypothesis H0 in favor of H1 for both 1.5 T and 3.0 T at the significance level α=0.01; CIIC 13 decreased the inter-muscle dispersion. The effect sizes were 1 
Hypothesis 3, Preserved Intensity on Average
The bootstrap 99% confidence intervals for the Cohen effect sizes were 
The Liver Dataset
The correlation matrix X R showed high correlations between the time indices. Let The probability of measuring at least the observed effect size was calculated to 0.035 
Qualitative Inspection
The bootstrap 95% lower bounds for the mean of the quality data were with the muscle ROI masks. One liver image pair is shown in Figure 4 together with intensity profiles, illustrating reduced intensity variation across the liver after the application of CIIC.
Moreover, Figure 4 also shows the positions of the seven liver ROIs, orthogonally projected into the shown image plane. In Figure 5 the mean liver time series with both standard and CIIC scalings are shown together with their standard deviations. The mean differences were qualitatively small and the univariate standard deviation was smaller for CIIC.
DISCUSSION
It has previously been shown that CIIC successfully produces a bias field suitable for fat quantification applications (7) (8) (9) (10) . This implies that CIIC, in contrast to many other retrospective inhomogeneity correction methods, produces a physically relevant bias field. The CIIC method uses adipose tissue as an internal reference in order to correct the intensity inhomogeneities. This makes it self-contained and also provides the physical relevancy. In fact, if T2* signal effects are properly corrected and T1 signal saturation effects are avoided by using low flip angles, long repetition times, or are corrected, the bias field represents the unsaturated proton density signal in pure adipose tissue. This is valid not only for fat quantification (7, 30) , but also for quantification of water concentration and total proton density.
The most important result in this work is that CIIC also produces reasonable bias fields in water In conclusion, the results show that CIIC improves the spatiotemporal intensity consistency while preserving the intensity levels on average. The large significant decrease in non-physiological variance of water image intensities is particularly useful, considering that the CIIC method only uses image information from the adipose tissue surrounding the corresponding region. These results show that CIIC is self-calibrating in the sense that it can recreate standardized, physically meaningful and homogeneous global scaling information directly from the data. This implies that CIIC can successfully be used as a regular scaling method in chemical shift based water and fat separated MRI, with a significant potential for providing both robust and consistent results in MR image analysis and in quantitative imaging applications. 
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